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Uranium  associations  with  colloidal  and  truly  dissolved  soil  porewater  components  from  two  Ministry  of  Defence 
Firing  Ranges  in  the  UK  were  investigated.  Porewater  samples  from  2-cm  depth  intervals  for  three  soil  cores  from 
each  of  the  Dundrennan  and  Eskmeals  ranges  were  fractionated  using  centrifugal  ultrafiltration  (UF)  and  gel 
electrophoresis  (GE).  Soil  porewaters  from  a  transect  running  downslope  from  the  Dundrennan  firing  area 
towards  a  stream  (Dunrod  Bum)  were  examined  similarly.  Uranium  concentrations  and  isotopic  composition 
were  determined  using  Inductively  Coupled  Plasma-Mass  Spectrometry  (ICP-MS)  and  Multi-Collector- 
Inductively  Coupled  Plasma-Mass  Spectrometry  (MC-ICP-MS),  respectively. 

The  soils  at  Dundrennan  were  Fe-  and  Al-rich  day-loam  soils  whilst  at  Eskmeals,  they  were  Fe-  and  Al-poor 
sandy  soils;  both,  however,  had  similar  organic  matter  contents  due  to  the  presence  of  a  near-surface  peaty  layer 
at  Eskmeals.  These  compositional  features  influenced  the  porewater  composition  and  indeed  the  associations  of 
U  (and  DU).  In  general,  at  Dundrennan,  U  was  split  between  large  (100kDa-0.2  pm)  and  small  (3-30  kDa) 
organic  colloids  whilst  at  Eskmeals,  U  was  mainly  in  the  small  colloidal  and  truly  dissolved  fractions.  Especially 
below  1 0  cm  depth,  association  with  large  Fe/Al/organic  colloids  was  considered  to  be  a  precursor  to  the  removal 
of  U  from  the  Dundrennan  porewaters  to  the  solid  phase.  In  contrast,  the  association  of  U  with  small  organic 
colloids  was  largely  responsible  for  inhibiting  attenuation  in  the  Eskmeals  soils. 

Lateral  migration  of  U  (and  DU)  through  near-surface  Dundrennan  soils  will  involve  both  large  and  small  colloids 
but,  at  depth,  transport  of  the  smaller  amounts  of  U  remaining  in  the  porewaters  may  involve  large  colloids  only. 
For  one  of  the  Dundrennan  cores  the  importance  of  redox-related  processes  for  the  re-mobilisation  of  DU  was  also 
indicated  as  Mn,v  reduction  resulted  in  the  release  of  both  Mn"  and  U''1  into  the  truly  dissolved  phase. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  long-term  behaviour  of  depleted  uranium  (DU)  in  soils  in 
combat  and  weapons  testing  zones  is  an  issue  of  growing  concern  as  the 
amount  of  recent  literature  dedicated  to  the  subject  attests  (e.g.  Di  Leila 
et  al„  2004, 2005;  Jia  et  al„  2004, 2005;  Johnson  et  al„  2004;  Schimmack 
et  al„  2005, 2007;  Alvarez  et  al„  2006;  Oliver  et  al„  2006, 2007, 2008a, b; 
Handley-Sidhu  et  al.,  2009a, b,c;  Lind  et  al.,  2009;  Crancon  et  al,  2010). 
Although  the  risks  to  the  general  public  are  thought  to  be  small  (Bern 
and  Bou-Rabee,  2004;  Cheng  et  al.,  2004;  Oeh  et  al.,  2007;  Spratt,  2007; 
Parrish  et  al„  2008;  Lloyd  et  al.,  2009),  there  is  still  considerable 
uncertainty  about  the  possible  long-term  health  effects  associated  with 
DU  as  a  result  of  internal  human  exposure  (Darolles  et  al.,  2010). 
Understanding  the  behaviour  and,  in  particular,  the  mobility  of  DU  in  the 
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vicinity  of  test-firing  sites  is  therefore  of  great  importance.  The  potential 
for  leaching  and  movement  of  soil  and  sediment-associated  DU  has  been 
investigated,  to  varying  degrees,  in  both  field  and  laboratory  studies 
(Johnson  et  al.,  2004,  Jia  et  al.,  2005;  Schimmack  et  al.,  2005, 2007 ;  Oliver 
et  al„  2008a;  Handley-Sidhu  et  al.,  2009a, b,c),  but  the  processes 
controlling  the  retention/release  and  transport  of  DU  occurring  in  the 
natural  environment  are  yet  to  be  fully  elucidated. 

An  investigation  conducted  by  Oliver  et  al.  (2008a)  at  the 
Dundrennan  Firing  Range  in  SW  Scotland  found  that  DU  was  present 
in  the  large  (100  kDa-0.2  pm)  and  small  (3-30  kDa)  colloid  fractions 
of  soil  porewater  at  a  distance  of  some  200  m  from  the  firing  area. 
Moreover,  in  an  analytical  precursor  study  to  the  current  investigation 
(Graham  et  al.,  2008),  organic  colloid-DU  links  in  soil  porewater  were 
identified  as  well  as  a  lesser,  but  potentially  important,  DU-inorganic 
colloid  association.  Such  findings  are  in  line  with  other  studies  citing 
the  potential  importance  of  porewater  colloids  for  contaminant 
migration  and  dispersal  (Artinger  et  al.,  2002;  Pokrovsky  and  Schott, 
2002;  Crancon  and  Van  Der  Lee,  2003;  Sowder  et  al.,  2003;  Lead  and 
Wilkinson,  2006;  Mibus  et  al.,  2007;  Ranville  et  al.,  2007;  Claveranne- 
Lamolere  et  al.,  2009). 
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This  study  explores  in  finer  detail  the  associations  of  DU  in  soil 
porewater  and  the  mechanisms  by  which  it  may  migrate  both 
vertically  and  laterally  through  soils,  including  examination  of  these 
mechanisms  in  soils  of  differing  texture  (clay-loams  to  sands).  Taking 
advantage  of  the  differing  235U/238U  isotopic  mass  ratios  of  natural 
and  depleted  uranium  (atomic  mass  ratios  0.0072  and  -0.002, 
respectively),  this  study  employed  ultrafiltration  (UF),  UV-vis,  gel 
electrophoretic  (GE)  and  isotopic  analyses  to  examine  the  degree  of 
colloidal  (organic  and  inorganic)  associations  of  DU  in  porewater  and 
its  effects  on  contaminant  migration  at  the  study  sites. 


2.  Materials  and  methods 


2.1.  Soil  sampling  locations  and  collection 

Soils  were  collected  during  2006  from  the  two  weapons  testing 
ranges  utilised  by  the  UK  Ministry  of  Defence  (MoD)  for  DU  munitions 
research,  namely  the  Dundrennan  Firing  Range  at  Kirkcudbright, 
Scotland,  and  at  the  Eskmeals  Firing  Range,  Cumbria,  England 
(Fig.  la).  Details  of  these  locations  and  their  respective  weapons  testing 
histories  have  been  published  previously  (e.g.  Oliver  et  al„  2007)  but,  in 
brief,  the  Raeberry  Gun  firing  position  at  Dundrennan  was  a  principal 
DU  ammunition  test-firing  point  where  DU  penetrator  shells  were 
tested  and  refined.  Soil  contamination,  mainly  along  the  firing  direction 
and  in  the  downslope  direction  from  this  position  (-35  masl)  towards  a 
stream  known  as  Dundrod  Bum  (-5  masl),  occurred  due  to  malfunc¬ 
tioning  and  break-up  of  the  penetrator  shells.  In  contrast,  at  Eskmeals, 
DU  projectiles  were  fired  at  hard  target  arrays  enclosed  within  a  butt 


(designated  VJ  Butt).  This  type  of  testing  exposed  the  area  immediately 
surrounding  the  butt  to  higher  levels  of  DU  contamination  from  aerosols 
and  DU  fragments  produced  on  impact.  There  were  also  well- 
characterised  differences  in  soil  composition  between  the  Dundrennan 
and  Eskmeals  sites.  Soil  particle  size  distribution  was  consistent  across 
all  samples  from  the  Dundrennan  Firing  Range,  with  values  that  would 
identify  the  soils  as  clay  loams  or  sandy  clay  loams  (40-55%  sand,  20- 
25%  silt,  and  22-32%  clay).  Contrastingly,  the  soils  at  the  Eskmeals  Firing 
Range  were  sands  (-100%  sand)  with  a  thin  organic-rich  layer  at  the 
surface  (Oliver  et  al„  2007).  Hydrologically,  the  soils  at  Dundrennan 
were  often  near-saturated  at  the  surface  whilst,  at  Eskmeals,  the  soils 
were  well-drained  although  moist 

At  Dundrennan,  soil  cores  were  collected  from  three  sites  (TP#l-3) 
along  a  transect  line  of  increasing  distance  from  the  Raeberry  Gun  firing 
point  (Fig.  lb).  TP#1  and  TP#2  were  collected  by  excavating  soil  ‘cubes’ 
(-200  cm2x21  cm  vertical  depth)  with  a  spade  and  these  were  sliced 
on  site  into  1-  or  2-cm  depth  sections.  TP#3  was  obtained  by  digging  a 
pit  and  pressing  a  monolith  tin,  of  dimensions  15  cm  (open  face)  x  7  cm 
breadth  x  50  cm  length,  into  the  pit  wall,  after  which  the  core  was 
removed  and  cut  into  sections  on  site.  In  addition  to  the  soil  cores,  a  bulk 
surface  sample  (top  10  cm)  was  collected  at  each  of  TP#1  and  TP#2  and 
also  from  each  of  8  points  (BT1-8)  along  a  longer,  parallel  transect  from 
the  Dunrod  Bum  towards  the  firing  point  ( Fig.  lb).  From  Eskmeals,  three 
soil  cores  were  collected  using  the  monolith  tin  method  from  locations 
approximating  sites  Pad  Edge  (PE),  Waste  Storage  (WS)  and  Reference 
Point  (RP),  described  previously  (Oliver  et  al.,  2008b)  (Fig.  lc).  These 
three  cores  were  used  in  an  investigation  of  soil  solid  phase  DU 
partitioning  and  further  collection  details  can  be  found  in  Oliver  et  al. 
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(2008b).  Once  obtained,  each  individual  soil  section  was  placed  into  a 
separate  polypropylene  bag  from  which  air  was  excluded  prior  to 
sealing  and  transportation  to  the  laboratory,  where,  after  removal  of 
porewaters,  the  soils  were  dried,  ground  and  stored  as  described  in 
Oliver  et  al.  (2008b).  Loss  on  ignition  (450  °C;  6  h)  was  used  as  a 
measure  of  soil  organic  matter  (SOM)  content. 

2.2.  Porewater  isolation,  filtration,  UF  and  CE  examination 

The  integrated  porewater  isolation,  fractionation  and  analytical 
procedure  utilised  in  this  investigation  has  been  described  previously 
(Graham  et  al.,  2008).  Briefly,  soil  porewaters  were  obtained  via 
centrifugation  (batches  of  50  mL  centrifuge  tubes,  8873  g  for  10  min, 
supernatant  filtration  through  0.2  pm  hydrophilic  membranes  (What¬ 
man)  and  bulking  of  porewaters  obtained  per  sample),  with  portions  of 
each  then  allocated  to  i)  acidification  and  storage  at  4°C  for  U 
concentration  and  isotopic  analysis;  ii)  pH  and  “dissolved”  OM  (UV 
absorbance  at  252  nm;  Unicam  UV2  spectrophotometer)  determina¬ 
tions;  iii)  size  separation  via  centrifugal  UF  (Vivaspin  20;  polyethersul- 
fone  membranes;  VWR  International  Ltd,  Leicestershire,  England)  to 
isolate  specific  colloid  size  ranges  (100  kDa-0.2  pm,  30-100  kDa,  and  3- 
30  kDa)  and  <3  kDa  ‘dissolved’  components.  Subsamples  of  each 
isolated  porewater  size  fraction  were  also  subjected  to  U  concentration 
and  isotopic  analysis  as  described  below.  The  sandy  nature  of  the 
Eskmeals  soils  meant  that  porewaters  could  not  be  obtained  via  direct 
centrifugation  and  so  a  double  chamber  centrifugation  method  was 
employed  (adapted  from  Smolders  et  al.,  1999). 

Selected  samples  from  the  whole  (<0.2  pm)  porewaters,  UF 
retentates  (i.e.  colloids)  and  <3  kDa  solutions  obtained  were  subjected 
to  GE  separation  as  detailed  in  Graham  et  al.  (2008).  In  addition  to  the 
above  samples,  whole  porewater  and  porewater  size  fractions  obtained 
from  the  parallel  eight-point  transect  line  (Fig.  1 )  established  between 
Raeberry  Gun  and  Dunrod  Burn  in  the  sister  investigation  to  this  study 
(Oliver  et  al.,  2008a)  were  also  characterised  here  using  GE. 

2.3.  Porewater  235U/238U  isotopic  analyses 

Whole  porewaters  and  porewater  size  fractions  were  analysed  for 
235U/238U  isotope  mass  ratios  using  a  Multi-Collector  Inductively 
Coupled  Plasma-Mass  Spectrometer  (MC-ICP-MS,  upgraded  Micro¬ 
mass  IsoProbe,  GV  Instruments,  UK),  according  to  the  method 
described  by  Ellam  and  Keefe  (2007). 

2.4.  Soil  U  concentration,  isotopic  signature  determination  and  solid 
phase  partitioning 

The  U  concentrations  and  235U/238U  isotopic  signatures  of  soil 
solids  were  determined  previously  for  the  three  Eskmeals  cores  (RP, 
WS  and  PE)  and  TP#1  as  part  of  an  investigation  into  the  solid  phase 
partitioning  of  DU  in  soils  (Oliver  et  al.,  2008b).  Here,  the 
corresponding  values  for  TP#2  and  TP#3  were  determined  using  the 
same  methods. 

2.5.  Quality  control 

For  accuracy  and  precision  of  all  U  concentration  measurements  on 
porewaters  (and  UF  and  GE  fractions),  a  1:10  dilution  of  the  ICP 
multielement  standard  solution  VI  (CertiPUR,  Merck)  was  included  in 
each  ICP-OES  sample  run  and  measured  values  were  always  within 
±  0.04  of  the  expected  U  concentration  of  1 .00  mg  L~ '.  A 1 :100  dilution 
of  this  standard  was  included  in  each  ICP-MS  run  and  the  measured 
values  were  within  ±0.006  of  the  expected  U  concentration  of 
0.100  mg  L-1. 

To  determine  the  accuracy  and  precision  of  concentration  measure¬ 
ments  for  digested  soil  solids,  the  International  Atomic  Energy  Agency 
certified  reference  soil  IAEA-326  was  similarly  digested,  with  measured 


U  concentrations  (3.2  ±  1  mg  kg-1)  within  standard  error  of  the 
certified  value  (2.4  mg  kg-1). 

Accuracy  and  precision  of  the  isotopic  measurements  for  soil  solids 
were  tested  using  International  Atomic  Energy  Association  certified 
reference  soil  IAEA-326,  having  certified  specific  activity  values  for 
234U  and  238U,  with  the  results  being  within  the  stated  uncertainties 
for  the  certified  values. 

In  addition  to  determination  of  isotope  activities  and  activity 
ratios,  the  fraction  of  U  in  the  samples  attributable  to  DU  (/DU)  was 
computed  using  a  mixing  ratio  calculation,  where  the  sample  U 
isotope  activity  ratio  (235U:238U)  was  treated  as  a  function  of  the 
isotope  ratios  of  natural  and  depleted  U: 

235U:238U  =  0.013/DU  ±0.046(1  —/DU) 

.'./DU  =  (0.046  -  235U:238U)  /  0.033 

where  235U:238U  is  the  isotope  activity  ratio  of  the  sample,  0.013  the 
activity  ratio  in  DU  and  0.046  the  activity  ratio  in  natural  U. 

Finally,  the  methodology  for  isolation  and  separation  of  porewater 
colloids  using  ultrafiltration  and  gel  electrophoresis  was  critically 
evaluated  and  validated  in  Graham  et  al.  (2008). 

2.6.  Porewater  uranium  speciation  modelling 

Porewater  uranium  speciation  modelling  was  carried  out  for  the 
PE  core  depth  sections  1.5-3  cm  (pH  7.5)  and  3-4  cm  (pH  6.5)  using 
Visual  Minteq  2.50  (with  the  standard  databases  that  accompany  this 
version  of  the  software). 

3.  Results 

3.1.  Porewater  composition  and  elemental  concentrations 

3.1.1.  Soil  porewater  characterisation 

Fig.  2  shows  the  vertical  variations  in  porewater  OM  (absorbance 
at  252  nm),  porewater  pH  and  %SOM  for  the  three  Dundrennan  soil 
cores  (TP#l-3)  and  the  three  Eskmeals  soil  cores  (RP,  WS  and  PE). 

At  Dundrennan,  the  SOM  content  decreased  from  10-25%  (dry  wt.) 
at  the  surface  to  1  -4%  at  the  bottom  of  the  cores  (Oliver  et  al.,  2008b).  In 
contrast,  the  porewater  OM  profiles  exhibited  more  variable  depth 
trends;  TP#1  and  #2  had  subsurface  maxima  in  the  5-10  cm  sections, 
whilst  for  TP#3  there  was  a  rapid  decrease  over  the  top  0-5  cm  followed 
by  relatively  constant  values  to  -20  cm  but  quite  variable  values 
thereafter.  The  porewater  pH  values  were  in  the  range  6.2-8.2  but, 
although  there  was  an  inverse  relationship  between  porewater  OM  and 
pH  at  TP#1 ,  there  was  no  consistent  relationship  with  porewater  pH  for 
TP#2-3. 

At  Eskmeals,  the  decrease  in  SOM  concentration  with  increasing 
depth  occurred  over  the  0-3  cm  sections  and  was  generally  more  rapid 
than  observed  at  Dundrennan  (Oliver  et  al.,  2008b).  The  high  values  at 
the  surface  (10-23%  dry  wt.)  reflected  the  peaty  surface  layer  at  these 
locations.  Below  10  cm,  very  much  lower  concentrations  (0.1-2.5%  dry 
wt.)  were  obtained,  as  would  be  expected  for  sandy  soils  (Oliver  et  al., 
2008b).  The  porewater  OM  profiles  for  the  RP  and  WS  cores  both 
showed  surface  maxima  and  then  near-constant  values  below  -  5  cm  to 
the  bottom  of  the  cores.  The  profile  for  the  PE  core  showed  only  a  very 
slight  decrease  with  depth.  The  porewater  pH  values  were  in  the  range 
5.6-8.1  but  only  for  the  WS  core  was  there  a  clear  inverse  relationship 
between  porewater  OM  concentration  and  pH. 

3.1.2.  Soil  porewater  U  concentrations 

Fig.  2  shows  the  vertical  variations  in  solid  phase  soil  and  soil 
porewater  U  concentrations  in  the  Dundrennan  (TP#l-3)  and 
Eskmeals  (RP,  WS,  and  PE)  cores. 

At  Dundrennan,  in  TP#l-2  cores,  the  solid  phase  U  concentrations 
decreased  from  -4-5  mg  kg-1  in  the  near-surface  sections  to  -3- 
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4  mg  kg- 1  towards  the  bottom  (Oliver  et  al.,  2008b).  In  contrast,  the  U 
porewater  concentrations  increased  to  maxima  of  ~ 25-3.1  pg  L“ 1  at 
depths  of  -8-10  cm  and  then  decreased  markedly  to  -0.2-0.7  pg  L~ 1 
towards  the  bottom  of  each  of  these  cores.  The  positions  of  the 
porewater  U  concentration  maxima  were  similar  to  those  for  porewater 
OM  concentration.  A  more  complicated  pattern  was  observed  for  TP#3; 
there  were  maxima  of -0.4  pg  L_  1  at  2-3  cm,  - 1 .1  pg  L“ 1  at  6-7  cm  and 
-0.6  pg  IT 1  at  -35  cm,  respectively.  The  U  peak  at  6-7  cm  coincided 
with  the  porewater  pH  maximum  whilst  the  slight  enhancements  in  the 
20-30  cm  depth  sections  and  the  peak  at  -35  cm  correlated  with 
increases  in  porewater  OM  concentration. 

At  Eskmeals,  the  maximum  porewater  U  concentrations  (-4.5,  27 
and  501  pg  L_  1  for  RP,  WS  and  PE,  respectively)  were  typically  greater 
than  those  at  Dundrennan.  The  maxima  always  occurred  within  the 
top  0-10  cm  but  the  exact  depth  and  extent  of  the  decrease  below  this 
point  were  different  for  each  core.  In  general,  the  solid  phase 
concentration  profiles  also  showed  higher  U  concentrations  in  the 
0-10  cm  sections  and  then  marked  decreases  below  10  cm  (Oliver  et 
al.,  2008b).  Calculated  mean  Kd  values  (for  total  U)  for  each  core  were 
in  the  range  330-500,  usually  at  least  an  order  of  magnitude  lower 
than  those  for  the  Dundrennan  cores  (2100-10300).  The  individual  Kd 
values  decreased  towards  the  bottom  of  each  core  at  RP  and  WS  but 
remained  approximately  constant  below  10  cm  at  PE. 


3.1.3.  Soil  porewater  DU  concentrations 

Table  1  contains  the  soil  porewater  DU  data  expressed  as  the 
fraction  of  total  uranium  represented  by  DU  (/DU)  and  as  the  actual 
concentration  ([DU]). 

At  Dundrennan,  there  was  a  marked  variation  in  /DU  between  the 
cores;  for  TP#l-2,  the  values  were  in  the  range  0.78-0.84  whilst  for 
TP#3,  the  range  was  0.05-0.38.  For  TP#3,  there  was  also  a  noticeable 
trend  of  decreasing  /DU  from  0.38  at  the  surface  to  0.05  at  a  depth  of 
27-29  cm.  In  the  main,  [DU]  followed  these  trends;  the  slightly  higher 
[DU]  values  at  TP#2  compared  with  those  at  TP#1  do  reflect  the 
higher  total  U  concentrations  in  the  porewater  at  the  former  location. 
However,  the  calculated  Kd  values  for  DU  are  typically  lower  than 
those  for  total  U  at  comparable  depths  in  TP#2  whilst  the  Kd  values  for 
DU  are  closer  to,  but  still  smaller  than,  those  for  total  U  in  the  TP#1 
core  (Table  1).  At  TP#3,  the  Kd  values  for  DU  are  much  lower  than 
those  calculated  for  total  U  (Table  1). 

At  Eskmeals, /DU  was  in  the  range  0.91-0.97  for  all  samples  from 
all  of  the  cores.  As  a  consequence,  porewater  [DU]  and  total  [U]  were 
almost  the  same,  as  were  the  Kd  values  for  DU  and  total  U. 

3.1.4.  Soil  porewater  Mn,  Fe,  Ca  and  Mg  concentrations 

Vertical  variations  in  Mn,  Fe,  Ca  and  Mg  concentrations  for  soil 
porewaters  isolated  from  the  Dundrennan  (TP#l-3)  and  Eskmeals 
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Table  1 

Porewater /DU,  porewater  [DU]  and  IQ  values  for  Dundrennan  (TP#l-3)  and  Eskmeals  (RP,  WS  and  PE)  cores. 


Dundrennan  firing  range  Eskmeals  firing  range 

Soil  porewater  235U/238U  /DUa  [DU]/ngI±’  IQ  (U)b  IQ  (DU)  Soil  porewater  235U/23SU  /DU  [DU]/pgLr'  Kd  (U)  IQ  (DU) 


TP#1 

1-2  cm  0.002836 

5-6  cm  0.002955 

TP#2 

1-2  cm  0.002845 

3-4  cm  0.002904 

5-6  cm  0.003170 

TP#3 

1-4  cm  0.005269 

5-6  cm  0.005354 

10-11  cm  0.005900 

27-29  cm  0.007020 

TP#1  UF  fractions 
100  kDa-0.2  pm 
3-30  kDa 
TP#2  UF  fractions 
100  kDa-0.2  pm 
3-30  kDa 
TP#1  UF  fractions 
100  kDa-0.2  pm 


0.84 

0.82 


0.66 

0.82 


3560  ±  20  (0-1  cm) 
2260  ±  21  (6-7  cm) 

1950  ±  200 
1940  ±  120 
1930  ±  55 

5150  ±940  (1-2  cm) 
3100  ±  120 
25200  ±  3900 
3350  ±  390  (25-27  cm) 


2850  ±16  1-2  cm 

1930  ±15  7-8  cm 

WS 

1220  ±130  1-2  cm 

1310  ±79 
1130  ±32 

1480  ±  270 
800  ±  71 
5170  ±  790 
452  ±  53 


0.002319  0.94  3.68 

0.002335  0.94  4.22 

0.002184  0.97  13.7 


0.002446  0.92  53.2 

0.002198  0.97  484 

0.002360  0.94  37.5 

0.002470  0.91  24.7 


1.5-3  cm 
7-9  cm 
13-15  cm 
17-19  cm 


a  Typical  error  on /DU  <0.01. 

b  IQ  uncertainties  calculated  using  the  maximum  uncertainty  (mean  ±  SE)  associated  with  the  solid  phase  U  concentrations. 


434  388 

587  ±  47  521  ±  42 

658  ±  190  625  ±180 


695  ±  110  741  ±  120 

95  ±  1  95  ±  1 

130  ±8  121  ±  8 

126  ±27  112  ±24 


(RP,  WS,  and  PE)  cores  are  displayed  in  the  supplementary  infor¬ 
mation  file  (Fig.  SI). 

3.2.  Ultraflltration  (UF)  of  porewaters  and  elemental  concentrations  in 
colloidal  and  dissolved  porewater  fractions 

3.2.1.  Soil  porewater  ultrafilter  (UF)  fractions:  uranium 

Table  2  shows  the  percentage  of  total  (<0.2  pm)  porewater  U  in 
each  of  the  separated  colloidal  and  dissolved  components  of  the 
porewaters  from  the  Dundrennan  (TP#l-3)  and  Eskmeals  (PE)  cores. 
UF  recoveries  for  U  were  typically  >80%  and  in  many  cases  >90%. 

ForTP#l  and  TP#2,  -60-100%  U  was  present  in  the  large  colloid  size 
fraction.  At  TP#1,  the  majority  of  the  remainder,  - 1 7-23%,  was  found  in 
the  3-30  kDa  size  fraction  whilst  at  TP#2,  there  was  no  detectable  U  in 
the  small  colloid/dissolved  porewater  fractions  below  0-1  cm.  AtTP#3, 
there  was  a  major  change  at  -5-6  cm;  above  and  below  this  depth,  a 
large  portion  of  U  (48-73%)  was  found  in  the  large  colloid  fraction  but  at 
5-6  cm,  almost  all  of  the  U  was  found  in  the  dissolved  fraction.  This 
corresponded  to  the  point  of  maximum  porewater  U  concentration. 

For  the  PE  core,  the  distribution  of  U  was  skewed  more  to  the  small 
colloid/dissolved  fractions  with  only  33-46%  being  present  in  the 
large  colloid  fraction.  The  proportion  of  U  in  the  dissolved  fraction  was 
particularly  high  (-33%)  in  the  0-1  cm  porewaters;  below  this,  values 
were  typically  in  the  range  10-20%. 

3.2.2.  Soil  porewater  ultrafilter  (UF)  fractions:  DU 

For  the  bulk  samples  (0-10  cm)  collected  at  TP#1  and  TP#2, 
porewaters  were  also  ultrafiltered  and,  after  appropriate  preparation, 
MC-ICP-MS  was  used  to  obtain  /DU  for  the  separated  colloidal  and 
dissolved  components.  Although  all  fractions  contained  significant 
amounts  of  DU  (in  agreement  with  the  overall  signature  for  the 
porewaters),  the  3-30  kDa  size  fractions  contained  a  slightly  higher 
proportion  of  DU  compared  with  the  100  kDa-0.2  pm  fractions 
(Table  1 ).  ForTP#l,  the  values  for  /DU  were  0.89  for  the  bulk  porewater 
and  0.84  and  0.91  for  the  large  and  small  colloids,  respectively.  ForTP#2, 
the  bulk  porewater  had  an/DU  value  of  0.72  and  values  of  0.66  and  0.82 
for  the  large  and  small  colloids,  respectively. 

3.2.3.  Soil  porewater  ultrafilter  (UF)  fractions:  OM 

Table  2  shows  the  percentage  of  total  (<0.2  pm)  porewater  OM  in 
each  of  the  separated  colloidal  and  dissolved  components  of  the 


porewaters  from  the  Dundrennan  (TP#l-3)  and  Eskmeals  (PE)  cores. 
UF  recoveries  for  porewater  OM  were  usually  >80%  and  often  >90%. 

There  was  usually  a  bimodal  split  of  OM  between  the  very  large 
colloid  fraction  and  the  small  colloid/dissolved  fractions  (Table  2).  The 
amount  of  OM  in  the  30-100  kDa  fraction  was  typically  <6%  although 
a  few  higher  values  of  up  to  20%  were  observed.  For  TP#1  -2,  there  was 
a  strong  correlation  between  U  and  OM  in  the  100  kDa-0.2  pm 
fraction  (r2  =  0.76).  The  distribution  of  OM  amongst  all  colloid 
fractions  did  not,  however,  match  exactly  with  that  of  U.  In  particular, 
for  the  TP#l-3  cores,  i.e.  the  Dundrennan  cores,  the  %  OM  in  the  3- 
30  kDa  fraction  was  generally  greater  than  the  respective  %  value  for 
U. 

At  Eskmeals,  the  bimodal  split  was  skewed  more  significantly 
towards  the  small  colloid  and  dissolved  fractions.  With  increasing  soil 
depth,  the  amount  of  OM  in  the  large  colloid  fraction  decreased  from 
28%  to  10-13%. 

3.2.4.  Soil  porewater  UF  fractions:  Al,  Fe,  Mn,  Ca  and  Mg 

Fig.  S2  (Supplementary  information)  shows  the  distribution  of  Al, 
Fe,  Mn,  Ca  and  Mg  amongst  colloidal  and  dissolved  fractions  of 
porewaters  from  TP#l-3  and  PE  cores. 

3.3.  Cel  electrophoretic  (CE)  fractionation  and  elemental  concentrations 
in  GE  fractions  obtained  from  porewater  colloids 

3.3.1.  GE  fractionation  of  soil  porewater  colloids:  OM  fractionation 
patterns 

Fig.  3  summarises  the  OM  fractionation  patterns  for  total  soil 
porewater  colloids  (3  kDa-0.2  pm)  from  TP#1  -3.  Decreasing  size  and/ 
or  charge  results  in  increased  electrophoretic  mobility  (increased 
movement  from  left  to  right  of  the  gel).  There  were  distinctive 
between-site  differences  for  the  near-surface  porewater  colloids. 
TP#1  typically  had  a  prominent  relatively  mobile  brown  band 
(referred  to  as  BB2)  and,  for  certain  depth  sections,  a  paler  and  less 
mobile  brown  band  (referred  to  as  BB1 ).  TP#2  similarly  had  BB2  and  a 
more  intense  and  consistent  BB1.  The  TP#3  fractionation  patterns  did 
not  show  either  BB1  or  BB2,  but  had  a  relatively  strong  band  which 
was  only  visible  under  UV  light;  the  fluorescent  band  (FB)  in  TP#3 
samples  and  was  more  mobile  than  those  present  in  the  TP#l-2 
samples.  Variations  with  depth  were  also  observed:  for  TP#1,  BB1 
increased  in  intensity  whilst  for  TP#2,  BB2  became  less  prominent  in 
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Table  2 

Percentage  distribution  of  U  and  OM  in  colloidal  and  dissolved  components  of  porewaters  from  Dundrennan  (TP#l-3)  and  Eskmeals  (PE)  cores. 


Depth  %  U  (%OM)  -  TP#1  %U  (%OM)  -  TP#2  %  U  (%OM)  -  TP#3  %U  (%OM)  -  PE 

100  30-100  3-30  <3  kDa  100  30-100  3-30  <3  kDa  100  30-100  3-30  <3  kDa  100  30-100  3-30  <3  kDa 

kDa-0.2  pm  kDa  kDa  kDa-0.2  pm  kDa  kDa  kDa-0.2  pm  kDa  kDa  kDa-0.2  pm  kDa  kDa 


2-3a 

4-5 


72.9 

(50.7) 


7-9 

9-11 

11-13 


73.3 

(55.6) 

72.1 

(39.9) 

72.8 


2.2 

(4.9) 


2.0 


(-) 

3.6 

(8.6) 

3.8 


62.4 

(433) 

16.9  9.0  100 

(43.1)  (13)  (54.5) 

100 
(64.0) 

20.2  4.5 

(44.4)  (-) 

18.1  6.2  100 

(28.0)  (23.5)  (71.5) 

20.1  3.3  100 

100 

(66.0) 


(-) 

(1.8) 


16.7  21.4 

(24.8)  (31.9) 

(11.0)  (32.7) 


72.5 

(50.4) 


(-)  (20.1)  (15.9) 

0.3 

(-) 


(-)  (183)  (10.2) 


(1.8)  (123)  (19.9) 


12-14  80.4  19.6 

15-17 


57.3 

(41.7) 


16-18  77.2  22.8 

18-21  86.2  9.3  3.6 

23-25 

29-31 


48.3 

(33.6) 

100 

100 


32.8 
(28.1) 

2.3  10.0  15.2  26.9 

(6.9)  (26.8)  (15.9)  (15.9) 

38.9 
(18.7) 

0.9  3.9  94.9  45.7 

(20.9)  (46.4)  (32.7)  (29.2) 


2.5  32.4  32.8 

(3.2)  (28.9)  (39.8) 

4.4  58.8  9.9 

(5.6)  (43.8)  (34.8) 

1.3  44.8  15.0 

(4.2)  (31.5)  (45.6) 

1.0  35.0  18.2 

(5.8)  (28.1)  (36.7) 


17.3 

(273) 


35.4 

(9.7) 


43.5 

(13.4) 


27.4 

(42.3) 


21.1 

(10.9) 


0.6  41.6  22.4 

(5.6)  (23.4)  (61.2) 


0.6  42.0  13.7 

(2.9)  (25.6)  (58.1) 


a  0-1.5  cm  and  1.5-3  cm,  respectively  for  pad  edge  core. 


3  kDa-0.2  /rm  porewaters  (one  UF  only) 


TP#1  TP#3 


BB1 

brown  band  1 

BB2 

brown  band  2 

FB 

fluorescent  band 

100  kDa-0.2  /mi  and  3-30  kDa  porewaters 


PE  PE 

(1 00  kDa-0.2  ^m)  (3-30  kDa) 


Fig.  3.  Schematic : 


ving  separation  GE  patterns  achie 


i  Dundrennan  (TP#l-3)  and  Eskmeals  (PE)  porewaters. 
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comparison  with  BB1  with  increasing  soil  depth.  Brown  material  was 
also  evident  in  the  gel  well  TP#2  colloids  over  the  depth  range  4-9  cm. 
At  greater  depth  in  TP#3,  a  pale  brown  band  close  to  the  gel  well,  in 
addition  to  the  fluorescent  mobile  band,  was  obtained.  These  depth 
variations  were  in  good  agreement  with  the  OM  size  distributions 
obtained  by  UF. 

For  the  Eskmeals  samples,  the  100kDa-0.2pm  and  3-30  kDa 
colloids  (rather  than  total  colloids)  from  selected  depths  in  the  PE 
core  were  subjected  to  GE  fractionation.  For  many  of  the  samples,  and 
for  both  colloid  size  ranges,  there  was  only  one  brown  band  (BB2)  and 
a  fluorescent  band,  both  of  which  migrated  further  than  the  respective 
bands  obtained  for  the  Dundrennan  TP#l-2  samples.  At  each  depth, 
these  bands  were  more  intense  in  the  small  compared  with  the  large 
colloid  fraction.  For  the  large  colloid  fraction,  there  was  often  brown 
material  which  remained  in  the  gel  well,  e.g.  100  kDa-0.2  pm  samples 
at  >10  cm  depth. 


3.3.2.  GE  fractionation  of  soil  porewater  colloids:  U 

The  GE  patterns  for  total  colloids  (3  kDa-0.2  pm)  for  TP#l-3 
porewaters  from  selected  soil  depths  are  shown  in  Fig.  4  (the  entire 
data  set  is  shown  in  the  supplementary  information  file  Fig.  S3).  In 
common  for  all  samples  was  the  fact  that  U  did  not  migrate  further 
than  the  fluorescent  material,  the  most  mobile  colloidal  component. 
Moreover,  the  maximum  U  concentrations  usually  coincided  with  the 
position  of  BB1  and/or  BB2,  giving  a  strong  indication  that  U  in  the  UF 
fractions  was  associated  with  the  OM  contained  therein.  Occasionally, 
however,  the  maximum  concentration  of  U  occurred  in  the  gel  well 
but  this  too  usually  coincided  with  the  observation  of  brown 
colouration  of  the  gel  well.  As  for  the  OM  distribution  patterns, 
there  were  also  some  variations  in  U  distribution  with  depth;  for 
TP#1,  the  increase  in  intensity  of  BB1  with  increasing  depth  was 
reflected  by  an  increase  in  the  amount  of  coincident  U  (gel  fractions 
Fl/2)  and  for  TP#2,  the  decrease  in  intensity  of  BB2  (and  fluorescent 
band)  with  increasing  depth  resulted  in  marked  decrease  in  the 
amount  of  coincident  U  (gel  fractions  F4-6).  For  TP#3,  the  appearance 
of  a  pale  brown  band  (BB1)  near  the  gel  well  with  increasing  depth 


was  again  accompanied  by  an  increase  in  the  amount  of  U  in  gel 
fraction  FI. 

For  the  PE  core,  the  100  kDa-0.2  pm  and  the  3-30  kDa  UF  fractions 
were  separately  subjected  to  GE  (Fig.  5).  The  100  kDa-0.2  pm  patterns 
showed  the  presence  of  U  in  or  close  to  the  gel  well,  increasingly  so  for 
the  samples  from  greater  depth,  and  a  large  U  peak  at  the  position  of 
the  pale  BB2  and  fluorescent  band.  The  3-30  kDa  patterns  showed  an 
absence  of  U  in  the  gel  well  and  a  large  U  peak  at  the  position  of  the 
strong  BB2  and  fluorescent  band. 

3.3.3.  GE  fractionation  of  soil  porewater  colloids:  Fe  and  Al 

The  distribution  of  Fe  was  sometimes  very  similar  to  that  of  Al, 
particularly  in  samples  when  there  was  material  remaining  in  the  gel 
well  and  where  the  U  pattern  was  skewed  back  towards  the  gel  well, 
e.g.  TP#2  7-9  cm  (Fig.  S4).  A  further  interesting  feature  was  that  there 
was  almost  no  Fe/Al  at  the  position  of  BB2  at  any  depth. 

For  the  PE  core,  Fig.  S5  shows  that  the  100  kDa-0.2  pm  colloid 
fractionation  pattern  for  Al  and  Fe  was  similar  to  that  observed  at 
Dundrennan,  i.e.  larger  amounts  in  the  gel  well  where  there  was 
brown  material  remaining  there.  For  the  3-30  kDa  fraction,  however, 
there  was  some  additional  interesting  information;  again  there  was 
very  little  Al/Fe  present  at  the  position  of  the  brown/fluorescent  band 
but  these  elements  were  present  in  the  fractions  following  on  from 
this,  e.g.  F7/8,  indicating  the  presence  of  some  small,  mobile  Al/Fe 
colloids  which  do  not  bind  U. 

3.3.4.  BT  transect:  GE  porewater  fractionation:  U  and  OM 

The  porewaters  from  selected  points  on  a  transect  from  the 
Dundrennan  firing  pad  towards  Dunrod  Bum  were  also  fractionated 
by  UF  and  GE.  The  GE  patterns  for  both  the  100  kDa-0.2  pm  and  the  3- 
30  kDa  UF  fractions  obtained  from  BT1 , 3, 5  and  7  porewaters  (0-10  cm) 
are  shown  in  Fig.  6.  Oliver  et  al.  (2008a)  demonstrated  that  the 
porewater  U  concentrations  generally  decreased  with  distance  from  the 
firing  pad  towards  the  Dunrod  Burn  and  that  DU  as  a  percentage  of  total 
U  in  the  porewaters  also  decreased  towards  the  bum.  Moreover,  Oliver 
et  al.  (2008a)  showed  that  >90%  of  U  was  present  in  colloidal  form  and 
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BB1  FB 


Fig.  4.  Gel  electrophoretic  patterns  for  U  in  total  porewater  colloids  (3  kDa-0.2  mm)  for  Dundrennan  (TP#l-3)  cores  (F1-F10  represent  0.5-cm  sections  of  the  gel  that  have  been 
digested  and  analysed  for  elemental  concentration). 
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100  kDa-0.2  ftm 
0-1 .5  cm 


well  FI  F2  F3  F4  F5  F6  F7  F8 


1. 5-3.0  cm 


well  FI  F2  F3  F4  F5  F6  F7  F8 


5-6  cm 


well  FI  F2  F3  F4  F5  F6  F7  F8 


11-13  cm 


well  FI  F2  F3  F4  F5  F6  F7  F8 


15-17  cm 


Fig.  5.  Gel  electrophoretic  patterns  for  U  in  large  (100  kDa 


that  this  was  split  between  two  main  fractions  (40-80%  in  the  1 00  kDa- 
0.2  pm  fraction;  20-50%  in  the  3-30  kDa  fraction).  Here,  the  GE 
fractionation  of  the  3-30  kDa  and  100  kDa-0.2  pm  size  fractions 
showed  trends  consistent  with  the  UF  data  published  in  Oliver  et  al. 
(2008a);  namely,  decreasing  U  concentration  with  increasing  distance 
from  the  firing  pad.  Within  both  colloid  size  fractions,  there  was  also  a 
trend  towards  U  associations  with  smaller  colloids  and  this  also 
reflected  the  size  distribution  of  the  OM  contained  therein. 
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-0.2  mm)  and  small  (3-30  kDa)  colloids  for  the  PE  core. 


3.4.  Quality  assurance  and  analytical  considerations 

3.4.1.  Recoveries  from  GE:  The  PE  core  as  an  example 

Fig.  S6  shows  the  total  porewater  U  concentration  and  that  for  the 
combined  GE  fractions  from  the  3-30  kDa  and  100  kDa-0.2  pm  colloid 
fractions.  The  sum  of  the  measured  UF  porewater  U  concentrations  is 
also  shown.  This  demonstrates  both  the  good  agreement  between 
the  UF  and  GE  measurements  and  also  the  importance  of  these  two 
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Fig.  6.  a)  Gel  electrophoretic  patterns  for  large  (100  kDa-0.2  mm)  and  small  (3-30  kDa)  colloids  for  extended  transect  points  BT  1,  3,  5  and  7  at  Dundrennan;  b)  sum  of  U  in 
electrophoretic  fractions  for  large  and  small  colloid  fractions  (Note  -  BT1  was  furthest  from,  and  BT7  was  closest  to,  the  firing  position}. 


size  fractions  in  terms  of  their  contribution  to  total  porewater  U 
concentrations. 

3.4.2.  Other  analytical  considerations:  retention  of  colloidal  and 
dissolved  species  by  UF 

GE  fractionation  of  the  total  colloid  (3  kDa-0.2  pm)  fraction 
obtained  by  UF  led  to  a  very  useful  observation  with  respect  to  U 
retention:  for  all  samples,  U  never  migrated  further  than  the  organic 
colloidal  material  present  in  the  sample  and  a  high  recovery  of  U  was 
achieved.  This  is  very  significant  from  an  analytical  perspective 
because  it  shows  that  the  UF  method  employed  in  this  study  did  not 
lead  to  the  retention  of  large  proportions  of  truly  dissolved  U  as  has 
been  encountered  for  seawater  samples  (Guo  et  al.,  2007).  Dissolved 
U,  present  as  U02(C03)3_  at  pH  8.5,  would  have  been  highly  mobile 
under  the  GE  conditions  employed  and  so  it  was  concluded  that  there 
was  little  chance  that  dissolved  U  had  been  misidentified  as  colloidal 
U  in  this  study. 

Comparing  GE  fractionation  patterns  for  the  total  colloid  fraction 
with  those  obtained  for  100  kDa-0.2  pm  and  3-30  kDa  sub-fractions, 
however,  revealed  that  the  100  kDa  UF  unit  is  highly  efficient  at 
retaining  large  colloids  but  also  retains  some  <100  kDa  colloids.  This  is 
demonstrated  by  the  presence  of  BB1  only  in  the  large  colloid  fraction 
but  the  presence  of  BB2  and  the  fluorescent  band  in  both  large  and 
small  colloid  fractions  for  PE  porewaters.  The  strength  of  BB2  and  the 
fluorescent  band  present  in  the  100  kDa-0.2  pm  fraction  was  much 
less  than  that  in  the  respective  3-30  kDa  fraction,  indicating  that  only 
a  small  proportion  had  been  retained  by  the  100  kDa  UF.  These 
findings,  however,  demonstrate  the  need  for  care  when  using  UF  as 
the  sole  method  for  colloid  fractionation.  From  this  study,  we  find  that 
UF  does  reveal  the  correct  general  trends,  e.g.  the  colloids  at  TP#2  are 


generally  larger  than  those  at  TP#1  whilst  the  colloids  from  the  sandy 
soils  at  Eskmeals  are  much  smaller  in  size  than  those  in  the 
porewaters  from  the  loamy  soils  at  Dundrennan.  The  retention  even 
of  a  tiny  amount  of  small  colloids  by  the  100  kDa  UF,  however,  can 
lead  to  an  overestimate  of  metal  associations  with  the  large  colloid 
fraction.  If  this  retention  was  simply  attributable  to  a  less  than  100% 
efficiency  in  separation,  it  would  be  expected  that  metal  retention 
would  be  proportional  to  small  colloid  retention.  The  greater  metal 
binding  capacity  of  the  small  colloids  retained  by  the  100  kDa  UF  in 
comparison  with  those  with  the  same  electrophoretic  mobility  in  the 
3-30  kDa  size  fraction  may  suggest,  however,  that  a  selective 
retention  process  affecting  a  small  portion  of  the  small  colloids  may 
be  operating.  This  will  be  more  fully  investigated  in  future  work. 

3.4.3.  Other  analytical  considerations:  retention  of  large  colloidal 
material  in  the  gel  well  during  GE 

Maximum  Fe/Al  concentrations  often  occurred  in  the  gel  well, 
indicating  that  the  Fe/Al  colloids  were  very  large/near  neutral  at  pH 
8.5.  Usually,  however,  these  elevated  Fe/Al  concentrations  coincided 
with  strong  brown  colouration  in  the  gel  well  indicating  that  very 
large/uncharged  humic  material  was  also  present.  Based  on  the 
filtration  and  gel  matrix  size  cut-off  values,  the  likely  size  range  of  the 
gel  well  material  was  ~  0.1  -0.2  pm.  Modifying  the  conditions 
employed  in  gel  electrophoresis  (increasing  the  ionic  strength  of  the 
running  buffer  to  0.09  M  to  decrease  the  hydrodynamic  radius  of 
humic  colloids;  and  decreasing  the  gel  pore  size  by  increasing  the 
agarose  concentration  to  2%  w/v  so  that  no  large  discrete  inorganic 
colloids  could  enter  the  gel),  however,  allowed  the  gel  well  material  to 
migrate  into  the  gel.  Under  these  conditions,  no  material  remained  in 
the  gel  well  (Al/Fe/U  were  not  detected)  and  the  brown  colour  and  Al/ 
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Fe/U  migrated  together,  providing  evidence  for  a  direct  association  of 
OM  with  the  Al/Fe/U  (data  not  shown).  Such  colloidal  associations 
have  previously  been  suggested  by  Pokrovsky  et  al.  (2005),  who  used 
UF  and  dialysis  rather  than  the  UF/GE  methods  adopted  here. 

4.  Discussion 

4.1.  Dundrennan  Firing  Range:  associations  ofU  in  soil  porewaters 

4.1.1.  Vertical  porewater  profiles  at  TP#l-2 

The  shapes  of  the  total  (<0.2  pm)  porewater  U  and  OM 
concentration  profiles  were  quite  similar  and  there  was  a  moderate 
correlation  between  these  two  parameters  (r2  =  0.56;  all  TP#l-2 
data).  UF  established  the  distribution  of  OM,  major  elements  (Al,  Fe, 
and  Mn)  and  U  amongst  colloidal  and  dissolved  fractions  and,  in 
general,  it  was  found  that  (i)  OM  was  split  between  the  large  and 
small  colloids  although  the  exact  split  depended  on  both  location  and 
soil  depth;  (ii)  Al,  Fe  and  Mn  were  mainly  present  in  the  large  colloid 
fraction;  and  (iii)  U  was  often  split  between  the  large  and  small 
colloids  (less  so  for  TP#2  than  TP#1).  Other  workers  have  also 
identified  two  populations  of  colloidal-sized  OM  and  have  found  U  in 
these  organic-rich  fractions  (e.g.  Ranville  et  al.,  2007;  Claveranne- 
Lamolere  et  al.,  2009).  For  the  large  colloid  fraction  in  particular,  there 
was  a  moderately  strong  correlation  between  U  and  OM  concentra¬ 
tions  (r2  =  0.76;  all  TP#l-2  data)  but  the  presence  of  Al,  Fe  and  Mn 
meant  that  a  direct  association  of  U  with  OM  could  not  be 
demonstrated  definitively  from  the  UF  data  per  se. 

GE  fractionation  of  the  entire  colloid  (3  kDa-0.2  pm)  fraction  gave 
OM,  Fe/Al  and  U  patterns  that  were  generally  consistent  with  the  UF 
results.  For  example,  the  GE  patterns  often  comprised  two  brown 
bands,  one  of  low  (BB1)  and  the  other  of  moderate  (BB2) 
electrophoretic  mobility.  Previous  work  demonstrated  that  GE  gave 
a  predominantly  size-related  separation  (Graham  et  al.,  2008)  and  so 
BB2  comprised  smaller  colloids  than  those  present  in  BB1.  Impor¬ 
tantly,  the  intensity  of  BB1  and  BB2  matched  the  large/small  colloid 
split  observed  following  sequential  UF  of  porewaters  from  selected 
soil  depths.  In  particular,  the  decrease  in  the  amount  of  OM  in  BB2  and 
the  concomitant  increase  in  the  amount  of  OM  in  the  gel  well  and  in 
BB1  were  consistent  with  the  changes  in  brown  colouration  of  large 
and  small  colloidal  size  fractions. 

The  GE  patterns  for  U  were  usually  closely  related  to  those  for  OM; 
in  particular,  the  U  maxima  often  coincided  with  the  positions  of  BB1 
and  BB2,  when  present.  A  main  feature  was  the  increasing  importance 
of  U  association  with  BB1  and/or  gel  well  material  (Fe-Al-humic 
colloids)  with  increasing  soil  depth  at  both  TP#1  and  #2.  This  change 
is  significant  with  respect  to  the  potential  transport  of  U  through  soils 
as  lateral  water  flow  through  upper  sections  would  lead  to  loss  of  U  in 
association  with  both  large  and  small  colloids  whilst  a  similar  flow 
through  deeper  sections  would  result  in  transport  of  U  primarily  in 
association  with  large  colloids.  These  findings  are  in  broad  agreement 
with  Claveranne-Lamolere  et  al.  (2009)  who  concluded  that  small 
humic  colloids  were  important  in  the  near-surface  sections  whilst 
larger  mineral-organic  colloids  were  important  for  U  transport  at 
depth  in  soils. 

4.1.2.  Vertical  porewater  profiles  at  TP#3 

Quite  a  different  pattern  emerged,  with  subsurface  peaks  in  U,  Mn 
and  Ca  (and  Mg)  concentrations  at  5-7  cm  coinciding  with  an 
increase  in  pH  from  ~7.5  to  -8.5.  UF  also  revealed  a  major  change  in 
U  speciation  at  this  depth,  as  most  of  the  U  was  in  the  dissolved 
fraction  (as  was  the  Ca  and  Mn)  at  the  point  of  the  U  maximum  with 
the  remainder  being  in  the  3-30  kDa  size  fraction.  At  pH  8.5,  UO2 
(C03)3-  would  be  the  dominant  ‘truly  dissolved’  species  in  the  soil 
porewaters.  As  the  Mn  concentration  did  not  increase  towards  the  soil 
surface,  i.e.  indicating  plant  uptake,  the  sharp  subsurface  peak  most 
likely  indicates  the  position  of  a  redox  front.  In  support,  there  was  also 


an  almost  exponential  decrease  in  the  solid  phase  Mn  concentration 
below  the  depth  of  the  porewater  maximum  (data  not  shown). 
Although  there  has  been  some  consideration  of  U  release  during  soil 
Fe  redox  processes  (Thompson  et  al.,  2006),  very  few  studies  have 
considered  the  effects  of  reductive  dissolution  of  Mn  oxides  on  U 
release  into  the  aqueous  phase.  Importantly,  Swarenzski  et  al.  (1999) 
showed  that  aqueous  U  concentrations  can  be  affected  by  the  redox 
transformation  of  MnIV  to  Mn11;  the  possible  mechanisms  in  a 
stratified  fjord  were  complex  but  the  release  of  U  from  the  surface 
of  MnIV  oxides  following  reductive  dissolution  of  Mn  was  thought  to 
be  important.  Other  Mnlv-oxide-associated  elements,  Sr  and  Ba,  were 
also  released  at  the  same  depth  as  Mn11.  Although  no  Sr  or  Ba  data  are 
available  in  this  study,  a  sharp  increase  in  both  Ca  and  Mg 
concentrations  was  observed  at  5-7  cm.  A  peak  in  “dissolved"  OM  at 
the  redox  front  and  a  concomitant  production  of  particulate  OM-U 
within  the  water  column  led  Swarenzski  et  al.  (1999)  to  conclude 
that,  in  addition  to  redox-related  microbial  processes,  interaction 
with  redox-produced  “dissolved"  OM  may  affect  U  speciation.  In  our 
study,  however,  there  was  no  “dissolved”  OM  peak  in  the  porewater 
and  the  released  U  was  primarily  present  as  truly  dissolved  species. 
The  predominance  of  truly  dissolved  U  also  suggests  that  reduction  to 
Ulv  is  unlikely  to  have  occurred.  The  processes  occurring  in  TP#3 
porewaters  will  be  discussed  further  in  Section  4.2.2. 

Although  there  was  only  a  small  amount  of  colloidal  U  in  the  TP#3 

5- 6  cm  porewaters,  GE  fractionation  of  the  total  colloid  fraction  from 
these  porewaters  was  carried  out  for  comparison  with  the  TP#l-2 
samples.  This  confirmed  that  the  main  colloidal  association  of  U  at  5- 
6  cm  was  with  small  organic  colloids,  i.e.  consistent  with  the  UF 
results  (Fig.  3  and  Table  2),  and  a  similar  pattern  was  obtained  for  the 

6- 7  cm  porewater  colloids  (Fig.  S3).  At  greater  soil  depth,  U 
association  with  the  organic  colloids  in  BB1  was  observed  and  indeed 
this  became  the  main  association  at  a  depth  of  19-21  cm.  Thus,  at 
depth,  it  was  again  shown  that  large  organic  colloids  would  be  most 
important  for  lateral  transport  of  U. 


4.1.3.  Variations  in  U  associations  in  0-10  cm  soil  porewaters  with 
increasing  distance  from  the  firing  pad:  BT  transect 

To  establish  the  wider  significance  of  the  U  associations  at  TP#l-2 
vs  those  at  TP#3,  the  porewaters  from  the  0-10  cm  soils  at  selected 
points  (BT1, 3,  5  and  7)  along  a  transect  from  the  firing  pad  towards 
the  Dunrod  Burn  (Fig.  lb)  were  further  characterised  using  UF  and  GE. 
The  UF  results  for  the  transect  porewaters  confirmed  the  presence  of 
both  large  and  small  colloids  and  the  association  of  U  with  both  of 
these  colloidal  components  (Oliver  et  al„  2008a).  Fe/Al/Mn  were 
found  mainly  in  the  large  colloid  fraction  but  there  were  higher 
concentrations  of  Fe  and  Al  in  BT5-7  than  in  BT1-3  porewaters, 
consistent  with  the  observed  differences  between  near-surface  TP#1- 
2  and  TP#3  porewaters  (Fig.  S2).  GE  fractionation  of  both  the 
100  kDa-0.2  pm  (large)  and  the  3-30  kDa  (small)  colloid  fractions 
revealed  further  differences  between  the  BT5-7  and  BT1-3  pore¬ 
waters.  Within  the  large  colloid  fraction,  there  was  a  strong 
association  of  U  with  the  organic  colloids  with  lowest  mobility  (gel 
well  and  BB1)  in  the  BT5-7  porewaters  whilst,  for  BT1-3,  U  was 
associated  with  a  wider  range  of  organic  colloids,  but  was  skewed 
towards  those  of  higher  mobility.  Within  the  small  colloid  fraction,  U 
was  often  associated  with  the  smaller  BB2  organic  colloids  in  both 
BT5-7  and  BT1-3  porewaters.  For  the  latter  group,  however,  there 
was  proportionally  more  U  in  the  small  colloid  fraction.  Although 
these  patterns  represent  an  average  over  the  top  0-10  cm,  they  lead  to 
an  interpretation  of  U  associations  in  the  porewaters  similar  to  that 
obtained  for  the  near-surface  sections  of  TP#l-2  and  TP#3.  Therefore 
the  processes  affecting  U  distribution  and  associations  in  the 
porewaters  from  these  soil  cores  can  be  more  widely  extrapolated 
to  the  surface  soils  extending  from  the  Raeberry  Gun  firing  point 
downslope  towards  the  Dunrod  Burn  on  the  Dundrennan  site. 
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4.2.  Dundrennan  Firing  Range:  processes  controlling  U  mobility  in  soil 
porewaters 

4.2.1.  Processes  controlling  OM,  U  and  DU  concentrations  in  TP#l-2  soil 
porewaters 

The  marked  decline  in  solid  phase  OM  and  the  concomitant 
increase  in  predominantly  colloidal  porewater  OM  over  the  top  0- 
10  cm  sections  of  the  soil  strongly  suggested  that  release  of 
colloidal  OM  was  occurring  as  a  consequence  of  the  partial 
decomposition  of  solid  phase  OM.  Oliver  et  al.  (2008b)  showed 
that  -34%  of  total  U  in  the  soil  was  bound  to  solid  phase  OM  in  the 
0-10  cm  sections  of  the  soil.  This  study  has  now  demonstrated  that 
more  than  90%  of  total  porewater  U  was  in  the  colloidal  size  range 
and  that  there  was  a  direct  association  of  U  with  both  large  and 
small  colloidal  OM  in  the  porewaters.  It  is  therefore  proposed  that 
U  is  released  from  the  solid  phase  together  with  the  OM  partial 
decomposition  products.  DU  comprised  76-88%  of  U  bound  to  solid 
phase  OM  and  78-84%  of  total  porewater  U  in  the  near-surface 
sections,  and  so  this  would  be  highly  consistent  with  the  proposed 
release  mechanism.  Interestingly,  the  /DU  results  for  large  and 
small  colloids  obtained  for  porewaters  from  a  0-10  cm  bulk  soil 
collected  at  both  TP#1  and  TP#2  suggested  that  there  was  a  slightly 
greater  proportion  of  DU  in  the  small  colloid  (84-91%)  than  in  the 
large  colloid  (66-82%)  fraction  and  this  could  also  be  significant  in 
enhancing  the  transport  of  DU  over  natural  U. 

Below  10  cm,  there  was  a  decline  in  porewater  OM  but  the 
relatively  sharper  decline  in  porewater  U  was  suggestive  of  a  decrease 
in  the  overall  binding  capacity  of  the  porewater  OM.  In  support, 
although  only  a  small  amount  of  data  is  available  for  both  U  and  OM  in 
the  colloidal  fractions,  the  U/OM  concentration  ratio  for  the  large 
colloid  fraction  decreases  from  -7.1-7.2  in  the  uppermost  sections  to 
only  -3.7  in  the  9-11  cm  section  of  TP#2.  The  shift  towards  larger- 
sized  colloidal  OM  together  with  the  increasing  association  of  U  with 
large  Fe-Al-OM  colloids  helps  to  explain  why  the  porewater  OM  and 
U  concentrations  decrease  towards  the  bottom  of  the  cores.  It  is  often 
considered  that  formation  of  larger  inorganic-organic  colloids  is  the 
first  step  towards  removal  from  the  aqueous  phase  (Filella  and  Buffle, 
1993)  and,  by  a  depth  of  -12-15  cm,  we  suggest  that  the  large 
colloidal  associations  of  U  lead  to  its  almost  complete  removal  from 
the  porewaters. 

4.2.2.  Processes  controlling  OM,  U  and  DU  concentrations  in  TP#3  soil 
porewaters 

Although  the  solid  phase  OM  concentrations  are  higher  than  those 
in  the  surface  sections  of  TP#l-2,  the  porewaters  at  TP#3  were 
considerably  paler  in  colour  and  contained  significantly  lower 
proportions  of  large  organic  colloids.  Indeed,  the  porewaters  from 
the  5-7  cm  sections,  the  position  of  the  Mnlv/Mn"  boundary,  were 
almost  colourless.  We  propose  that  the  release  of  U  associated  with 
(i)  Mnlv  oxides  upon  reductive  dissolution  and/or  (ii)  solid  phase  OM 
that  has  undergone  complete  mineralization  are  the  two  most  likely 
processes  occurring  in  these  sections  of  TP#3.  In  support  of  this 
postulate  are  the  previously  unpublished  sequential  extraction  data 
for  the  solid  phase  of  this  core  which  showed  that  about  60-70%  of  U 
and  Mn  was  extracted  in  the  reducible  step  with  most  of  the 
remainder  of  each  having  been  extracted  in  the  exchangeable  step 
(Fig.  S7).  Significantly,  this  demonstrated  a  close  relationship  between 
U  and  Mn. 

Our  GE  results  again  suggest  that  OM  alteration  processes  result  in 
increasingly  large  colloidal  OM  with  increasing  soil  depth,  which  would 
be  expected  ultimately  to  result  in  the  removal  of  OM  and  associated  U 
from  the  porewater.  At  depth,  however,  there  is  very  little  DU  in  the 
solid  phase  and  only  5%  of  the  total  porewater  U  at  27-29  cm  is  DU.  At 
this  location,  it  is  therefore  the  redox-related  processes  occurring  in  the 
top  0-10  cm  of  the  soil,  where  DU  comprises  30-40%  and  27-38%  of 
total  U  in  the  soil  and  porewaters,  respectively,  that  are  most  important 


in  controlling  its  fate.  In  particular,  DU  that  has  been  attenuated  in  the 
upper  sections  of  solid  phase  soil,  either  by  direct  interaction  with  Mn 
oxides  or  with  solid  phase  OM,  will  be  re-released  into  soil  porewaters 
as  conditions  become  mildly  reducing  (sufficient  for  Mn  reduction).  The 
I<d  values  for  DU  are  much  lower  than  those  for  U,  indicating  that  the 
soils  at  TP#3  have  a  much  lower  ability  to  retain  DU  than  those  at  TP#1  - 
2  and  this  is  probably  attributable  to  the  prevailing  redox  conditions  in 
combination  with  the  composition  of  OM. 

4.3.  Eskmeals  Firing  Range:  associations  of  U  in  soil  porewaters 

4.3.1.  Vertical  porewater  profiles  at  PE 

To  investigate  the  vertical  mobility  of  DU  in  a  different  solid 
matrix,  the  PE  core  was  selected  for  porewater  characterisation  by 
UF  and  GE.  A  thin  peaty  layer  overlays  the  predominantly  sandy 
soil  and,  as  a  consequence,  porewater  OM  was  readily  measurable 
at  all  depths.  The  UF  data  again  revealed  a  bimodal  split  but  much 
more  OM  was  in  the  small  colloid  and  dissolved  fractions  compared 
with  the  Dundrennan  TP#l-3  samples.  Since  the  solid  phase  Fe  and 
Al  contents  of  the  sandy  soils  were  generally  much  lower 
(unpublished  data),  larger  Fe/Al/organic  colloids  would  be 
expected  to  be  less  prominent.  The  UF  data  also  showed  that 
there  was  much  more  U  present  in  the  smaller  colloid  and 
dissolved  fractions  compared  with  the  Dundrennan  soils.  There 
was  no  distinct  trend  in  the  colloidal  associations  of  U  with 
increasing  depth  but  there  was  a  general  decrease  in  the  amount  of 
truly  dissolved  U  (<3  kDa).  The  GE  fractionation  of  the  large 
(100  kDa-0.2  pm)  and  small  (3-30  kDa)  colloid  fractions  did, 
however,  provide  additional  information  about  the  nature  of  the 
colloids  within  these  two  size  ranges.  For  both,  BB2  was  the  main 
feature  of  the  gel  viewed  under  visible  light  and,  following  from 
the  analytical  considerations  presented  in  Section  3.4.3,  it  will  be 
assumed  that  the  component  present  in  the  large  colloid  fraction 
has  been  retained  due  to  an  inefficient  removal  of  the  small  organic 
colloids  comprising  BB2.  Importantly,  the  main  association  of  U 
was  with  these  small  organic  colloids  which  have  very  little 
associated  Fe  or  Al.  BB1  was  only  present  in  the  large  colloid 
fraction  gel  patterns  and  was  generally  pale  brown  in  colour. 
Although  still  representing  a  minor  association,  for  the  large  colloid 
fraction  there  was  also  a  small  but  increasing  amount  of  U  in  the 
gel  well  (Fe-Al-humic  colloids)  and  at  the  position  of  BB1  with 
increasing  soil  depth,  i.e.  similar  to  the  depth  trend  observed  for 
the  three  Dundrennan  soil  cores,  TP#l-3. 

4.4.  Eskmeals  Firing  Range:  processes  controlling  U  mobility  in  soil 
porewaters 

4.4.1.  Processes  controlling  OM,  U  and  DU  concentrations  in  PE  soil 
porewaters 

The  major  forms  of  U  in  the  porewaters  were  (i)  truly  dissolved, 
e.g.  Ca2U02(C03)§,  (U02)2(C03)(0H)3-  U02(C03)°,  U02(C03)r  at 
pH  7.5;  (ii)  small  organic  colloidal  U  (3-30  kDa);  (iii)  large  Fe/Al/organic- 
and  large  organic-colloidal  U  (100  kDa-0.2  pm).  The  elevated  pH  (7.5) 
accounts  for  the  higher  proportion  of  truly  dissolved  U  in  the  top  section 
in  comparison  with  the  immediately  underlying  section  where  pH  dips  to 

6.5.  Below  this,  the  pH  increased  towards  7  and  the  proportion  of  truly 
dissolved  U  again  increased,  providing  further  evidence  for  the  pH 
control  on  U  speciation  at  this  location.  The  porewater  OM  concentrations 
decreased  only  slowly  with  increasing  depth  and  it  was  therefore  not 
surprising  that  the  dominant  form  of  U  at  all  depths  was  an  organic 
colloidal  form,  most  commonly  a  direct  interaction  with  small  humic 
colloids.  Over  the  top  0-20  cm,  DU  comprised  >90%  of  the  total 
porewater  U  and  so  this  work  provides  strong  evidence  for  the  vertical 
transport  of  DU  at  this  site  in  association  with  small  organic  colloids  with 
which  there  was  little  associated  Fe/Al.  There  were  some  small  Fe/Al 
colloids,  predominantly  in  the  3-30  kDa  size  fraction,  but  these  were 
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more  electrophoretically  mobile  than  the  BB2  OM  and  had  no  associated 
U. 

During  vertical  transport,  both  immobilisation  and  mobilisation  of 
DU  may  occur  via  several  mechanisms  which  are  dependent  on  the 
conditions  prevailing  in  the  porewaters.  For  example,  at  pH>5,  soluble 
Uw  species  have  been  shown  to  be  immobilised  in  subsurface  materials 
by  sorption  or  co-precipitation  reactions  (e.g.  Abedoulas  et  al.,  1998; 
Camus  et  al.,  1999).  For  lower  pFI  values,  humic  aggregates  are 
considered  to  be  responsible  for  the  strong  immobilisation  of  uranium 
in  soil  (Crancon  and  Van  Der  Lee,  2003).  For  the  PE  porewaters  in  this 
study,  pH  values  in  the  range  6.5-75  suggest  that  aggregation  of  humic 
colloids  would  be  unlikely  to  occur  and  so  immobilisation,  should  it 
occur,  would  most  likely  be  effected  via  sorption  or  co-precipitation 
reactions. 

Alternatively,  mobilisation  of  DU  following  water  infiltration  has 
been  attributed  to  a  partial  reversal  of  sorption  reactions  in  response 
to  a  decrease  in  porewater  ionic  strength  (e.g.  Gabriel  et  al.,  1998; 
Zheng  and  Wan  2005).  Rainwater  infiltration  can  also  affect  other 
solution  properties,  e.g.  a  lowering  of  pH  is  not  uncommon.  For  the  PE 
porewaters,  however,  the  highest  concentrations  of  major  ions  such 
as  Ca2+  and  indeed  the  highest  pH  values  (-7.5)  were  obtained  for  the 
0-1 .5  cm  section.  It  is  therefore  unlikely  that  rainwater  infiltration  has 
altered  U  speciation  in  the  PE  core.  It  is  hypothesized  that  the  thin 
peaty  layer  on  the  surface  of  the  Eskmeals  cores  may  act  as  a  “buffer” 
with  respect  to  rainwater  infiltration-induced  changes  in  porewater 
properties. 

From  the  sequential  extraction  results  for  the  solid  phase  (Oliver 
et  al„  2008b),  there  was  a  major  change  in  the  solid  phase  U 
associations  with  increasing  depth  in  the  PE  core.  In  the  top  0-10  cm 
sections,  more  than  70%  U  was  present  in  the  residual  fraction  with 
most  of  the  remainder  being  associated  with  SOM.  In  the  10-20  cm 
section,  U  was  split  amongst  the  exchangeable  (-22%),  Fe/Mn  oxide 
(-41%)  and  SOM  (-38%)  fractions,  and  below  20  cm  there  was  a 
further  shift  to  100%  association  with  SOM.  It  is  proposed  that 
weathering  processes  are  gradually  releasing  DU  from  the  contam¬ 
ination  source  in  the  0-10  cm  sections  (probably  uranium  oxides  and 
weathering  products,  schoepite  and  metaschoepite  etc.,  e.g.  Handley- 
Sidhu  et  al.,  2009c;  Crancon  et  al„  2010)  into  the  porewaters.  The 
downwards  displacement  of  the  porewater  U  maximum  from  that 
present  in  the  solid  phase  is  suggestive  of  the  effect  of  waters 
percolating  down  through  the  sand.  Some  of  the  released  DU  may  be 
immediately  complexed  by  solid  phase  OM  as  indicated  by  the 
sequential  extraction  results  but  this  study  has  shown  that,  in  the 
porewaters,  a  significant  amount  becomes  complexed  by  the  small 
humic  colloids  and  some  remains  in  the  ‘truly  dissolved’  fraction.  By 
passing  U  and  humic  acids  through  a  sand-filled  column,  Mibus  et  al. 
(2007)  concluded  that  a  kinetic  filtration  process  continuously 
removes  humic  colloids  from  the  advective  flow.  They  assumed  that 
UVI  was  withdrawn  along  with  the  humic  colloids  onto  the  surfaces  of 
the  quartz  sand  particles.  The  results  of  our  study  would  be  consistent 
with  several  removal  mechanisms:  (i)  weak  interaction  of  “dissolved 
U”  with  quartz  surfaces,  leading  to  “exchangeable  U"  in  the  solid 
phase;  (ii)  stronger  sorption  of  U-organic  colloids  onto  the  solid 
phase,  leading  to  “oxidisable  U”  in  the  solid  phase;  (iii)  sorption  of 
“dissolved  U”  to  Fe/Mn  secondary  minerals,  leading  to  “reducible  U”  in 
the  solid  phase.  At  10-20  cm  depth,  removal  of  dissolved  U  by  all 
three  mechanisms  would  be  consistent  with  both  the  sequential 
extraction  and  porewater  speciation  results.  From  10  cm  depth  but 
particularly  below  20  cm  depth,  the  major  removal  process  involves 
sorption/precipitation  of  U-OM  colloids  onto  the  solid  phase.  The  GE 
results  for  the  porewaters  provide  evidence  for  the  presence  of  very 
large  Fe/Al-U-OM  colloids  with  increasing  depth;  as  discussed  in 
preceding  sections,  these  may  be  precursors  of  the  forms  of  U  that  are 
being  removed  to  the  solid  phase.  Overall,  the  removal  processes  do 
not  fully  attenuate  DU  and  the  evidence  that  we  have  gathered 
strongly  suggests  that  it  is  the  binding  of  U  to  small  organic  colloids 


that  is  the  main  process  inhibiting  attenuation.  The  high  stability  of 
UVI-humate  complexes  has  previously  been  reported  (e.g.  Artinger  et 
al.,  2002)  and  we  conclude  that  it  is  specifically  small  DU-humic 
complexes  that  are  implicated  in  the  enhanced  migration  of  DU 
through  these  sandy  matrices. 

Finally,  the  long-term  fate  of  DU  may  depend  on  the  nature  of  its 
interactions  with  the  solid  phase,  i.e.  held  at  exchangeable  sites, 
bound  to  organic  matter  which  has  sorbed  to  minerals,  bound  to  Fe/ 
Mn  oxides.  Exchangeable  forms  may  be  re-released  following  changes 
in  ionic  strength  and  other  solution  properties  of  the  porewater,  the 
mobility  of  sorbed  DU-humic  complexes  may  be  sensitive  to  changes 
in  soil  moisture  and  the  velocity  and  chemistry  of  the  water  phase 
(e.g.  Kretschmar  and  Sticher,  1997;  Crancon  et  al.,  2010)  whilst  DU 
held  at  Fe/Mn  oxide  surfaces  may  be  susceptible  to  re-release  upon 
reductive  dissolution  of  the  oxides. 

5.  Conclusions 

Although  this  study  has  revealed  some  site-specific  behaviour  of 
DU,  a  number  of  unifying  features  were  observed.  For  both  the  clay- 
loam  and  sandy  soils  at  Dundrennan  and  Eskmeals,  respectively,  the 
behaviour  of  U  and  DU  was  strongly  influenced  by  processes  affecting 
the  distribution  of  humic  substances  between  the  solid  phase  and  soil 
porewaters.  In  some  cases,  redox  processes  were  also  intimately 
involved.  Specifically: 

( 1 )  In  the  near-surface  sections  of  the  TP#1  -2  soils,  U  was  associated 
with  both  large  (100  kDa-0.2  pm)  and  small  (3-30  kDa)  organic 
colloids,  whereas  towards  the  bottom  of  the  cores  U  was 
predominantly  associated  with  the  large  colloids,  including  Fe/ 
Al/humic  colloids. 

(2)  Organic  colloids  are  released  into  the  porewaters  as  a 
consequence  of  partial  decomposition  of  solid  phase  organic 
matter.  Although  two  discrete  size  ranges  were  found  in  near¬ 
surface  samples,  larger  colloids  were  increasingly  prevalent  at 
depth  and  very  large  Fe/Al/humic  colloids  were  sometimes 
observed.  Formation  of  such  colloids  is  a  likely  first  step 
towards  their  removal  from  the  aqueous  phase  and  it  was 
concluded  that  U  association  with  such  colloids  promoted  its 
transfer  to  the  solid  phase  soil. 

(3)  In  the  near-surface  sections  of  TP#3  the  porewaters  were  less 
strongly  coloured  and  there  was  also  a  major  change  in  U 
speciation  at  5-7  cm  depth,  the  position  of  the  Mnlv/Mnu  redox 
front,  ft  was  proposed  that  reductive  dissolution  of  Mn  oxides 
and  decomposition  of  OM  led  to  the  release  of  dissolved  uranyl 
carbonate  species.  Towards  the  bottom  of  the  core,  U  was  again 
predominantly  associated  with  large  organic  colloids. 

(4)  Importantly,  large  and  small  organic  colloids  were  implicated 
in  the  transport  of  DU  through  the  near-surface  soils.  A 
proportion  of  this  DU  is  retained  by  soils  along  this  transect 
but,  even  at  a  distance  of  -200  m  from  the  firing  area,  DU 
comprised  -27%  of  porewater  U  in  near-surface  soils. 

(5)  In  sandy  soils  at  Eskmeals,  which  were  overlain  by  a  thin  peaty 
layer,  there  was  significantly  more  low  molecular  weight 
colloidal  and  dissolved  OM;  accordingly,  DU  in  the  PE  pore¬ 
waters  was  more  prevalent  in  the  small  colloidal  and  dissolved 
fractions. 

(6)  For  the  PE  core,  a  slightly  greater  association  of  U  with  low 
mobility  colloids  within  the  large  colloid  fraction  occurred  with 
increasing  depth  but  the  major  interaction  at  all  depths  was  with 
small  organic  colloids  which  had  very  little  associated  Fe/Al. 

(7)  Since  the  proportion  of  U  in  dissolved  form  decreased  with 
increasing  depth,  association  with  small  organic  colloids  became 
increasingly  important  for  maintaining  U  concentrations 
in  excess  of  10pgL_1  at  depths  down  to  26  cm  in  the  PE 
porewaters. 
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